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ABSTRACT
Sulfolobus spindle-shaped virus 1 represents a model for studying virus-host interaction in harsh environments, and it is so far
the only member of the family Fuselloviridae that shows a UV-inducible life cycle. Although the virus has been extensively stud-
ied, mechanisms underpinning the maintenance of lysogeny as well as those regulating the UV induction have received little at-
tention. Recently, a novel SSV1 transcription factor, F55, was identified. This factor was able to bind in vitro to several sequences
derived from the early and UV-inducible promoters of the SSV1 genome. The location of these binding sites together with the
differential affinity of F55 for these sequences led to the hypothesis that this protein might be involved in the maintenance of the
SSV1 lysogeny. Here, we report an in vivo survey of the molecular events occurring at the UV-inducible region of the SSV1 ge-
nome, with a focus on the binding profile of F55 before and after the UV irradiation. The binding of F55 to the target promoters
correlates with transcription repression, whereas its dissociation is paralleled by transcription activation. Therefore, we propose
that F55 acts as a molecular switch for the transcriptional regulation of the early viral genes.
IMPORTANCE
Functional genomic studies of SSV1 proteins have been hindered by the lack of similarity with other characterized proteins. As a
result, few insights into their in vivo roles have been gained throughout the last 3 decades. Here, we report the first in vivo inves-
tigation of an SSV1 transcription regulator, F55, that plays a key role in the transition from the lysogenic to the induced state of
SSV1.We show that F55 regulates the expression of the UV-inducible as well as the early genes. Moreover, the differential affin-
ity of this transcription factor for these targets allows a fine-tuned and temporal coordinated regulation of transcription of viral
genes.
The majority of viruses isolated from Crenarchaea shows virionmorphotypes that have not been observed for viruses infecting
Bacteria and Eukarya. Consequently, eight novel viral families
have been introduced in order to classify these novel viruses (Fu-
selloviridae, Lipothrixviridae, Rudiviridae, Guttaviridae, Globulo-
viridae, Bicaudaviridae, Ampullaviridae, and Clavaviridae), but so
far, there are still several unique archaeal viruses that remain to be
classified (1–3). Many analyses of environmental samples have
shown that spindle-shaped viruses are abundant and occupy sev-
eral niches, including deep sea hydrothermal vents (4, 5), hyper-
saline environments (6, 7), anoxic freshwaters (8), cold Antarctic
lakes (9), terrestrial hot springs (10–12), and acidicmines (13, 14),
where they frequently outnumber head-tailed viruses. Notably,
this unique virion morphotype seems to be a hallmark of viruses
infecting Archaea, since it has never been observed for bacterio-
phages or eukaryal viruses (15). To date, the family Fuselloviridae
comprises nine members (SSV1, SSV2, SSV4, SSV5, SSV6, SSV7,
SSV8, SSV9, andASV1) isolated from several geographic locations
(2). The lack of functional characterization of proteins encoded by
the fuselloviral genomes has limited the dissection of fundamental
processes, such as (i) virion uptake, assembly and release, (ii) tran-
scriptional regulation, (iii) genome replication, and (iv) lysogeny/
induction switch. Indeed, with the exception of a few proteins
(16–23), structural and functional annotations in main databases
are not available for fuselloviral gene products (2, 22).
SSV1 is themost extensively characterizedmember of this viral
family and is the only one showing aUV-inducible life cycle.Upon
infecting a host cell, SSV1 integrates one copy of its genome into
the host chromosome at an arginyl-tRNA gene, forming a provi-
rus (24). However, unlike the well-characterized lambda phage,
for which lysogenic cells harbor only the provirus, SSV1 lysogens
carry also5 copies of the episomal DNA per cell. This led to the
hypothesis that SSV1 expresses a minimal set of genes to ensure a
basal level of replication that is required for maintaining the car-
rier state (23).Moreover, structural proteins (VP1, VP2, andVP3)
are constitutively expressed under conditions for which viral rep-
lication is not induced (23), allowing the production of viral par-
ticles by the lysogenic cells. Upon exposure to UV light, SSV1
exhibits a temporally coordinated pattern of gene expression. At
first, it activates the expression of aUV-inducible transcript (Tind),
followed by the transcription of the early (T5, T6, and T9), late
(T1/2, T3, Tx, and T4/7), and late-extended (T4/7/8) RNAs. This
cascade of events leads, in turn, to the induction of the SSV1 ge-
nome replication and eventually to a steep increase of the viral
titer (25).
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Despite the extensive characterization that SSV1 has received
over the last 30 years (25–28), the mechanisms underpinning the
transition from lysogenic growth to viral induction are still
murky. Very recently, a newmRNA (Tlys) was discovered, which is
transcribed in the direction opposite to that of the UV-inducible
Tind (23). Since Tlys is one of the most abundant SSV1 transcripts
during lysogenic growth, it was suggested that the encoded pro-
tein could play a fundamental role in the maintenance of the car-
rier state. Indeed, Tlys encodes a 55-amino-acid protein (F55) that
interacts, in a concentration-dependent manner, with tandem-
repeat sequences clustered within the UV-inducible region of the
viral genome. Moreover, F55 could act as a transcription repres-
sor, since these operators encompass both the transcription start
sites (TSSs) and the B recognition elements (BREs) of the T5, T6,
Tind, and Tlys promoters (23). So far, F55 is the only transcription
repressor forwhich a defined role in the regulation of a fuselloviral
life cycle has been proposed. Here, we report an in vivo survey of
themolecular events occurring upon irradiation at theUV-induc-
ible region of the SSV1 genome, with a focus on the pleiotropic
effect of F55 on several SSV1 promoters. We show that F55 acts as
the molecular switch controlling the SSV1 life cycle.
MATERIALS AND METHODS
Strains, media, growth conditions, and UV irradiation. An SSV1 lyso-
genic strain of Sulfolobus solfataricus (SSV1-InF1)was generated by infect-
ing the uracil auxotrophic mutant InF1 (29), as described elsewhere (28,
30). An aliquot from a frozen sample of SSV1-InF1 culture was thawed,
and a fewmicroliters was spotted onto an SCVYU-Gelrite plate and incu-
bated at 75°C. After 3 to 5 days of incubation, local growth areas (spots)
were inoculated into 50 ml of SCVYU medium, i.e., a glycine-buffered
Brock’s basal salt solution, supplemented with 0.2% (wt/vol) sucrose,
0.2% (wt/vol) Casamino Acids, 1 vitamins (31), 0.005% (wt/vol) yeast
extract, and 0.02 mg ml1 uracil, with pH adjusted to 3.5 with concen-
trated H2SO4. Cultivation of the Sulfolobus strains was conducted in a
250-ml Erlenmeyer flask with a long neck at 75°C with a shaking rate of
180 rpmusing aMaxQ 4000 benchtop orbital shaker (Thermo Scientific).
Cell growth was monitored spectrophotometrically at 600 nm (optical
density at 600 nm [OD600]) by means of a Variant Cary 50 Bio UV/visible
spectrophotometer (McKinley Scientific). Once the culture reached the
logarithmic phase of growth, it was diluted to anOD600 of 0.05 in 50ml of
fresh SCVYU medium and allowed to grow to an OD600 of 0.5 to 0.8.
The SSV1-InF1 culture was UV-irradiated by using a fluence of 45 J
m2 and an irradiance of 0.5 J m2 s1, as described elsewhere (32).
Growth was spectrophotometrically monitored before and after the treat-
ment to construct comparative growth curves. Samples were taken at 2, 4,
6, 8, and 10 h posttreatment, and pellets for each time point were obtained
through centrifugation at 3,000 g for 10 min using a 5810R centrifuge
(Eppendorf). Pellets were treated for total DNA, RNA, and protein prep-
arations (see below).
Semiquantitative PCR and EcoRI total DNA digestions. SSV1-InF1
cell pellets, obtained as described previously, were treated for preparation
of highly pure total DNA using the DNeasy tissue kit (Qiagen), following
the manufacturer’s instructions. The concentration of the DNA samples
was spectrophotometrically determined using a Nanodrop 2000 spectro-
photometer (Thermo-Scientific), by performing the measurements in
triplicate. Their purity was assessed by the 260-nm/280-nm adsorption
ratio, and only DNA samples with a value of 1.8 or higher were used for
subsequent experiments.
In order to detect variations of the viral DNA content among the
different samples, total DNA samples from irradiated SSV1-InF1 cultures
were analyzed by semiquantitative PCR (sqPCR). With this aim, two
primer couples were designed using Primer3 software (http://bioinfo.ut
.ee/primer3-0.4.0/), in order to amplify (i) a 155-bp region of the SSV1
single-copy gene vp2 and (ii) a 108-bp region of the host single-copy gene
orc1 (Table 1). An sqPCRmastermix was set up as follows: 1Taq buffer,
2.5 mM MgCl2, a 0.2 mM concentration of a deoxynucleoside triphos-
phate (dNTP) mix, 0.6 M orc1-fw, 0.6 M orc1-rv, 0.6 M vp2-fw, 0.6
M vp2-rv, and 50 U ml1 of Taq DNA polymerase (Thermo Scientific)
in a total volume of 500l. The master mix was then separated into seven
aliquots of 60 l each, placed in different tubes, and labeled the control
sample (mock treated, collected at an OD600 of 0.5) and the 2-h, 4-h, 6-h,
8-h, and 10-h samples (UV-treated samples). To each tube, 100 ng of total
DNA frommock-treated or UV-irradiated samples was added as the tem-
plate. The aliquots were then split into three subaliquots (20 l each),
labeled (20th, 25th, and 30th), and placed into a personal Mastercycler
(Eppendorf). A negative (no-template) control and two positive controls
for the amplification conditions were also included in the analysis. The
thermal cycling protocol was as follows: an initial denaturation step of 5
min at 95°C, followed by 30 cycles of 40 s at 95°C, 40 s at 62°C, and 1 min
at 72°C. A final step at 72°C was carried out for 10 min at the end of the
30th cycle. For each time point, tubes were taken from the thermocycler at
the 20th, 25th, and 30th cycles of amplification. PCR products were run
on a 2% (wt/vol) agarose gel in 1TAE buffer (40mMTris, 20mMacetic
acid, and 1 mM EDTA).
The same DNA samples were enzymatically digested using the se-
quence-specific endonuclease EcoRI, whose target sequence recurs four
times in the SSV1 genome. In brief, 2 g of each total DNA sample were
digested overnight with 20 units of EcoRI (Roche) at 37°C and run on a
1% (wt/vol) agarose gel.
Northernblot analysis.Highly pure total RNAsampleswere prepared
from mock-treated and UV-irradiated SSV1-InF1 cultures by means of
the TRIzol reagent (Sigma-Aldrich), according to the manufacturer’s in-
structions. RNA pellets were dissolved in nuclease-free water, and con-
centration was determined by means of a Nanodrop 1000 spectropho-
tometer (Thermo Scientific). Sample purity was checked through the
determination of the 260-nm/280-nm adsorption ratio, and only samples
showing a ratio of 1.9 or higher were used for subsequent experiments.
For each sample, 20g of total RNAwas run on a denaturing, formalde-
hyde-containing 2.0% (wt/vol) agarose gel and then transferred onto a nylon
membrane (Hybond-XL; Amersham-Pharmacia). T4 polynucleotide kinase
(Fermentas Life Sciences) was used to label 5= ends of single-stranded oligo-
nucleotides Tlys-rv (5=-AAGTTCTTCAATGCGTCTTCTGATT-3=), Tind-fw
(5=-TCTGAGCTACTAATACTGCTTGAAT-3=), and16S-rv (5=-CTCTCCT
ACTCGGGTGGAGCAAC) with radioactive [-32P]ATP, following the
manufacturer’s instructions. Purification of radiolabeled oligonucleotides
was achieved by gel filtration chromatography using Illustra Nick columns
(Amersham Biosciences), and hybridizations with single-stranded DNA
probes were carried out as described elsewhere (33). Probes were eventually
removedbyboiling in0.1%(wt/vol) sodiumdodecyl sulfate (SDS) for10min
TABLE 1 Primers used for semiquantitative PCR assays on ChIP
samples
Name Sequence (5=–3=)
Length
(nt)
T5-fw CCCAAACACTGTGTATATAGAG 22
T5-rv AGTTTGTGCCATATTCCCAT 20
T6-fw ATGATAATATTAAATGATTCACGAT 25
T6-rv TTTCGGGTTTGGGGTGAAAC 20
Tind-fw CTGCTGTCTGACAAGAGTTT 20
Tind-rv GATTTTGCACATCCCATATT 20
Tlys-fw ATCGTGAATCATTTAATATTATCAT 25
Tlys-rv ATTGGAATCGAAACGGTCAC 20
orc1-fw TATAAATTGTTATAGACATAGAACGCTGTA 30
orc1-rv TTAAATACTTCTTGTGCCGATAGTCC 26
vp2-fw GGAGGGTACATCGCTACCTTATGA 24
vp2-rv CAGTAGGGCTGACAGTAAACTACG 24
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in order to reuse the membrane for subsequent hybridizations. Radioactive
signals were quantified by means of a Molecular Dynamics Bio-Rad Phos-
phorImager (QuantityOne software) to determine the relative abundance of
the transcripts (16S, Tlys, and Tind). Tlys/16S and Tind/16S ratios were deter-
mined to normalize RNA signals and compensate for operator errors. The
size of the Northern blot signals was determined using RNA molecular size
markers (Roche) as standards.
Western blot analysis. Cells from 30 ml of mock-treated and UV-
irradiated SSV1-InF1 cultures were harvested by centrifugation, and pel-
lets were suspended in 2 ml of 10 mM Tris-HCl (pH 8.0) (lysis buffer),
containing Complete 600 protease inhibitor cocktail tablets (Roche).
Cells were lysed by sonication at 20%of themaximal amplitude for 3min,
alternating 20 s of pulse-on and 20 s of pulse-off, bymeans of an ultrasonic
liquid processor (Heat System Ultrasonic, Inc.). Lysates were centrifuged
at 30,000 g (SW41 rotor; Beckman) for 30 min in order to clarify crude
protein extracts. Protein concentration was spectrophotometrically de-
termined by standardized Coomassie (Bradford) protein assays and nor-
malized for each sample, as described elsewhere (34). In brief, Bradford
assays were performed on bovine serum albumin (BSA; Thermo Scien-
tific) as a standard to construct a calibration curve. In particular, known
protein concentrations (1, 2, 4, 6, and 8 g/ml) were plotted against their
absorbance at 595 nm. Concentration of protein samples was determined
by means of the standard curve, and sample quality was assessed by SDS-
PAGE followed by Coomassie staining.
A serum sample (15 mg of total protein) from an F55-immunized
rabbit (Innovagen AB) was loaded onto a 1-ml HiTrap protein A column
(GEHealthcare) connected to a fast-performance liquid chromatography
system (ÄKTA;GEHealthcare), and total IgGswere purified following the
manufacturer’s instructions. Antibody-containing fractions were pooled
and dialyzed against 20 mM sodium phosphate buffer (pH 8.0), and pro-
tein concentration (0.4 mg ml1) was determined by the Coomassie
(Bradford) protein assay, as described above. Antibody integrity was
checked by running 10 g of total IgG sample on 15% SDS-PAGE. For
Western blot hybridizations, total protein samples (10 g) were run on
15% SDS-PAGE and electrotransferred onto Immobilon polyvinylidene
difluoride (PVDF) membranes (Millipore). Subsequently, membranes
were (i) incubated for 1 h at room temperature in blocking solution, i.e.,
1 TBS-T (50 mM Tris [pH 7.5], 150 mM NaCl, and 0.1% Tween 20)
containing 5% (wt/vol) BSA (Sigma); (ii) incubated for 16 h at 4°C with
total IgG sample (see above) diluted (1:1,000) in blocking solution; (iii)
washed three times for 15 min with 1 TBS-T at room temperature; (iv)
incubated for 1 h at room temperature with horseradish peroxidase-con-
jugated goat anti-rabbit IgG (Roche) diluted (1:10,000) in 1 TBS-T; (v)
washed twice for 15 min with TBS-T; and (vi) washed once with TBS.
Detection by enzyme-linked chemiluminescence was performed with an
Immobilon Western chemiluminescent horseradish peroxidase (HRP)
substrate kit (Millipore) and a ChemiDoc XRS system (Bio-Rad), ac-
cording to the manufacturer’s instructions. The F55 concentration in the
analyzed samples was determined using a calibration curve, which was
constructed by plotting known amounts of F55 (from 10 to 35 ng) against
densitometric values measured using the Quantity One software (Bio-
Rad). The Western blot data were validated by repeating the experiment
in triplicate.
ChIP-sqPCR analysis. SSV1-InF1 cells were cultivated in 900 ml of
SCVYU medium in a 2-liter Erlenmeyer flask and grown to an OD600 of
0.6. A 300-ml control sample was harvested before UV treatment of the
remaining volume (600 ml). Samples were harvested after 2 and 4 h of
incubation and rapidly cooled down at 37°C, before the addition of 1%
(wt/vol) formaldehyde (Sigma) for DNA-protein cross-linking. Incuba-
tion at 37°C was performed for 5 min with a shaking rate of 120 rpm. The
cross-linking reaction was then quenched by the addition of glycine (125
mM final concentration) to the cultures, followed by an additional incu-
bation of 5 min at 37°C. Afterwards, cells were collected by centrifugation
at 3,000 g for 15min (JA-14 rotor; Beckman). Pellets were washed twice
with 1 PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4 · 2 H2O,
1.76mMKH2PO4 [pH 7.4]) and finally resuspended in 6ml of 1DNase
buffer (400 mM Tris-HCl, 100 mM NaCl, 60 mM MgCl2, and 10 mM 8
CaCl2, pH 7.9). Cells were lysed by sonication at 20% of the maximal
amplitude for 18 min, alternating 3 s of pulse-on and 9 s of pulse-off, by
means of an ultrasonic liquid processor (Heat System Ultrasonic, Inc.).
Lysates containing cross-linkedDNA-protein complexes were clarified by
centrifuging for 30min at 30,000 g (SW41 rotor; Beckman). In order to
further narrowdown the length of theDNA fragments, RNase-freeDNase
I (Roche) was added at a final concentration of 30 U/ml, followed by
incubation of 30 min at 37°C. To recover DNA-protein complexes, sam-
ples were subjected to phenol extraction by the addition of 1 volume of
phenol-chloroform-isoamyl alcohol (25:24:1; Sigma) and centrifugation
for 10 min at 3,000 g. The DNA-protein complexes were recovered by
ethanol precipitation and centrifugation for 10 min at 15,000 g. Pellets
were dissolved in 20 mM sodium phosphate buffer (pH 8.0) and treated
with 100 g ml1 of RNase A (Invitrogen) for 1 h at 37°C. Cross-linked
F55-DNA complexes were enriched by affinity chromatography using a
1-ml HiTrap protein A column (GE Healthcare) connected to a fast-
performance liquid chromatography system (ÄKTA). In brief, the col-
umnwas equilibrated in binding buffer (20mM sodiumphosphate buffer
[pH 8.0]), loaded with purified IgG from an F55-immunized rabbit (In-
novagen AB), and washed with 5 ml of binding buffer. DNA-protein
sampleswere loaded onto the column, and 5ml of binding bufferwas used
to elute unspecific complexes. F55-DNA specific complexes were then
eluted from the column by washing with 0.1 M citrate buffer (pH 6.2)
(elution buffer). In order to de-cross-link F55-DNAcomplexes, the eluted
fractionswere pooled and incubated at 65°C for 16 hwith a shaking rate of
180 rpm. Free-protein DNA was obtained by purification using the Min-
Elute PCR purification kit (Qiagen), according to the manufacturer’s in-
structions. The concentration of the DNA samples was measured using a
Nanodrop 2000 spectrophotometer, as described above. To check the
enrichment of DNA fragments containing F55 target sequences, chroma-
tin immunoprecipitation assays and semiquantitative PCR (ChIP-
sqPCR) were set up using the primer pairs listed in Table 1. Master mixes
were prepared as follows: 1 Taq buffer, 2.5 mM MgCl2, 0.2 mM dNTP
mix, 0.3 M forward primer, 0.3 M reverse primer, and 50 U ml1 of
Taq DNA polymerase (Thermo Scientific) in a total volume of 250 l.
Two aliquots of 50 l each were used to perform negative and positive
controls of the amplification, while to the remaining 150 l was added 1
ng of enriched DNA obtained by ChIP (see above). The aliquot of 150 l
was then divided into three tubes (50 l each) which were labeled (20th,
25th, and 30th) and placed in a personal Mastercycler (Eppendorf). The
thermal cycling protocol was as follows: an initial denaturation step of 3
min at 95°C, followed by 30 cycles of 40 s at 95°C, 40 s at 50°C, and 1 min
at 72°C. For amplification of the host sequence orc1, the annealing tem-
perature was 62°C. Tubes were taken from the thermocycler at the 20th,
25th, and 30th cycles of amplification. PCR products were run on a 2%
(wt/vol) agarose gel in 1 TAE buffer. The same procedure was carried
out by using as templates the enriched DNA samples from mock-treated
and UV-irradiated SSV1-InF1 cells collected after 2 and 4 h postirradia-
tion.
RESULTS
Host response to UV irradiation. In order to investigate the role
of F55 in the SSV1 life cycle, an S. solfataricus InF1 strain carrying
the virus (SSV1-InF1) was treated by UV irradiation as described
elsewhere (32). The effect of the treatment on its physiology was
assessed by measuring the generation time and cell viability of the
mock- and UV-treated cultures. We found that, in the immediate
aftermath of the treatment, cell viability of the UV-treated culture
was approximately 35% of that of the untreated control. Further-
more, the growth rate of the UV-irradiated sample was lower than
that of themock-treated control, probably as a consequence of the
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stress caused by both the irradiation itself and the viral induction
(Fig. 1), as was also observed in previous experiments (32).
Time course of the SSV1 replication induction upon UV ir-
radiation. Induction of SSV1 replication uponUV irradiationwas
investigated in a time course experiment with a 10-h window,
following a UV irradiation protocol reported recently (32). Sam-
ples were withdrawn from both mock-treated and UV-irradiated
SSV1-InF1 cultures every 2 h during incubation, and the relative
amount of SSV1 was estimated using semiquantitative PCR anal-
ysis of total DNAs extracted from cell samples. Two single-copy
genes were chosen for this analysis, i.e., the viral gene vp2, repre-
senting the SSV1 genome, and orc1 for the host genome. PCR was
conducted for 20, 25, and 30 cycles of amplification, and the PCR
products were analyzed by agarose gel electrophoresis. We found
that, when the genes were amplified for the same numbers of PCR
cycles, the intensity of the PCRproduct of the internal control orc1
(108 bp)was very similar in all the samples.However, the intensity
of the vp2 amplicon (155 bp) was significantly increased in the
samples after UV irradiation, starting from hour 2 and peaking at
hour 8 postirradiation (Fig. 2). We reasoned that the increase of
viral DNA, before completion of viral gene expression (Fig. 2, 2 h
posttreatment), resulted from the irradiation-mediated cell divi-
sion arrest (Fig. 1), which did not affect the basal viral replication.
Thereafter, transcriptional activation was completed for all viral
genes (25), and the induction of the SSV1 replication accounted
for the further increase of relative amounts of viral DNA in UV-
irradiated cultures (Fig. 2, 6 to 10 h).
To confirm the temporal onset of UV-induced viral replica-
tion, the total DNA extracted was digested with EcoRI and ana-
lyzed by agarose gel electrophoresis. As shown in Fig. 3, the EcoRI
fragments of the SSV1 genome (7.9, 2.9, 2.4, and 2.1 kb) became
dominant in the UV-irradiated cells, with the largest amount be-
ing detectable 8 to 10 h postirradiation. Altogether, the above data
indicated that the previously established procedure for UV irradi-
ation was suitable for studying the induction of SSV1 replication
(32).
Tind andTlys transcription patterns inmock- andUV-treated
cells. In order to reveal the molecular circuit regulating the main-
tenance of SSV1 lysogeny and to identify the molecular switch to
the induced state of SSV1, a transcriptional analysis was carried
out on the head-to-head-oriented transcripts Tind and Tlys, the
main players in SSV1 UV-inducible expression (Fig. 4A). Total
RNA samples were prepared from mock- and UV-treated SSV1-
InF1 cells and analyzed by Northern hybridization to detect Tind
and Tlys transcripts (Fig. 4B). Normalization for all samples was
performed by measuring the signal of the housekeeping gene 16S
and by calculating the Tind/16S and Tlys/16S signal ratios.
Tind was not detectable in mock-treated cells, which is consis-
tent with the transcript being repressed in the carrier state (lysog-
eny). Conversely, soon after UV irradiation (2 h posttreatment)
two typical Tind hybridization signals (25) were detected (200 nu-
cleotides [nt] and 300 nt). Then, the Tind/16S ratio increased
3-fold 4 to 6 h after UV irradiation. Thereafter, the intensity of the
FIG 1 Growth curves of mock- and UV-treated SSV1-InF1 cultures. The
OD600 values were measured every 2 h and plotted versus the incubation time.
Before being mock or UV treated, cells were grown exponentially to an OD600
of 0.5 (21st hour of incubation). Afterwards, the culture was split in two and
incubated to 75°C to estimate the effect of the treatment. Error bars show
standard deviations (n 3). *, P	 0.05.
FIG 2 Time course of the viral replication induction after UV irradiation by semiquantitative PCR. Molecular size markers are indicated on the left; host (orc1,
108 bp) and viral (vp2, 155 bp) PCR products are indicated on the right. Total DNA samples were prepared from mock-treated cells (control) and UV-treated
cultures collected at 2, 4, 6, 8, and 10 h postirradiation. The maximum amount of SSV1 DNA is detectable for the sample collected 8 h posttreatment (dashed
white box).
FIG 3 Detection of the viral DNA after UV irradiation by EcoRI restriction
analysis. The restriction profiles of total DNA samples from control cultures
and SSV1-InF1-irradiated cells and of SSV1 episomal DNA digested with
EcoRI are shown. Molecular size markers are indicated on the left; SSV1-
derived fragments (7.9, 2.9, 2.4, and 2.1 kbp) are indicated on the right. The
intensity of the SSV1 fragments is higher for the sample collected 8 to 10 h
postirradiation.
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Tind signal dropped sharply, and the signal became undetectable 6
h posttreatment (Fig. 4B).
On the other hand, the antagonistic transcript Tlys showed a
downregulation of its expression in the mock-treated culture be-
tween 4 and 8 h, as judged by the 50% decrease of the signal ratio
Tlys/16S. Interestingly, this value did not change between the 2nd
and the 4th hour postirradiation (Fig. 4B), despite the increase of
the SSV1 copy number in the same time window, as evidenced by
sqPCR (Fig. 2).This suggests that there could exist a fine-tuning
mechanism regulating the expression of these two convergent
genes. Furthermore, the 300-nt Tlys signal did not occur as a dis-
crete band but formed a continuous smearing, with smaller RNA
products mainly visible between 8 and 10 h posttreatment (Fig.
4B). This indicated that Tlys could be degraded by a posttranscrip-
tional regulation mechanism. If so, the apparent increase of Tlys
signal should not reflect the actual change of content of the en-
coded transcriptional regulator (F55) in the UV-irradiated cells
(see below).
In vivo expression and DNA-binding activity of F55. To
quantify the putative lysogeny regulator F55 in UV-induced and
mock-treated cells, its content was determined by densitometric
analysis on immunoblots (Fig. 5A) and compared to known
amounts of recombinant F55 as a reference (Fig. 5B). The inten-
sity of the chemiluminescent signal obtained from the standards
was linear in the range considered. Interestingly, throughout the
time window analyzed, the concentration of F55 in UV-treated
cells was lower than that in the corresponding mock-treated sam-
ples (Fig. 5C). Furthermore, a 50% drop of the F55 cellular con-
centration (Fig. 5C, 2 h, gray bar) coincided with the onset of the
Tind transcription (Fig. 4B, 2 h,UV treated). Together these results
support the hypothesis that F55 plays a role in maintaining the
lysogeny. Furthermore, the simultaneous reduction of F55 pro-
tein and the augmentation of Tlys signal at the 8th to 10th hour
(Fig. 4B) suggest that the regulation of Tlys expression must occur
at the posttranscriptional level.
FIG 4 Transcription analysis of Tlys and Tind. (A) Schematic representation of
the head-to-head-oriented transcripts Tind and Tlys. (B) SSV1-InF1 total RNAs
isolated from mock- and UV-treated cells at different time points were ana-
lyzed byNorthern hybridization to detect Tlys andTind transcripts. The hybrid-
ization signals were normalized using the 16S housekeeping gene. The Tind
transcript was expressed over a short time and only in UV-irradiated cells,
whereas Tlys was detectable in both mock-treated and UV-irradiated cells.
Degradation occurred around the 8th to 10th hour only for the Tlys transcript.
FIG 5 Western blot analysis of F55 in mock- and UV-treated InF1-SSV1 cells. (A) Western blot of cell extracts from control, mock-treated, and UV-treated
samples. (B) F55 quantificationwas performed using a standard curve. (C)Quantitative data are reported as histograms. Error bars show the standard deviations
(n 3), and a control sample (gray bar) is used as a reference. The amount of F55 in the UV-treated culture is significantly lower than that in the mock one at
every time point analyzed (*, P	 0.05).
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It was previously demonstrated that F55 binds in vitro, with
differential affinity, to DNA sequences derived from the promot-
ers of T5, T6, Tind, and Tlys transcripts. Based on the location of the
binding sites, i.e., partially overlapping the BRE or encompassing
the TSS, it was hypothesized that this regulator could function as a
transcriptional repressor (23). To investigate binding of F55 to the
aforementioned promoters in vivo (Fig. 5A), DNAs were recov-
ered by ChIP assays before and after the UV treatment and sub-
jected to sqPCR analysis (ChIP-sqPCR) as described above. In
lysogenic cells, promoter regions of T5, T6, Tind, and Tlys were
detected in ChIP-sqPCR already after 25 cycles (Fig. 6B, control),
indicating that F55 binds to these promoters in vivo. Two hours
after UV irradiation, binding of F55 to its own promoter was
depleted, whereas the interaction with that of Tind was greatly
weakened (Fig. 6B, 2 h postirradiation). Subsequently, the pro-
moter regions of the early transcripts T5 and T6 were released by
F55, and indeed, the relative ChIP-sqPCR signals fell to an unde-
tectable level (Fig. 6B, 4 h postirradiation). Altogether, these re-
sults indicate that the cascade expression of the SSV1 early genes is
regulated through a differential binding of F55 to its target oper-
ators.
DISCUSSION
Numerous transcription analyses of theUV-inducible fusellovirus
SSV1 have been carried out in S. solfataricus to dissect viral gene
expression patterns before and after UV irradiation. Nevertheless,
it was still unclear how this fusellovirus regulates the transition
from the lysogeny to the induced status during its life cycle. Our
recent work has assigned a key role in this process to the DNA-
binding protein F55, which is encoded by themost abundant RNA
(Tlys) expressed by SSV1 in the carrier state (23). In order to shed
further light on the role of F55 in the regulation of the SSV1 life
cycle, an in vivo analysis of the events occurring soon after the
UV irradiation was carried out. Several lines of evidence indicate
that F55 is indeed the key regulator of the lysogeny/induction
transition of SSV1, including the following: (i) F55 is the only
transcriptional regulator expressed by SSV1 in the lysogenic
status; (ii) it binds in vivo to the promoters of Tind, Tlys, T5, and T6
in the absence of UV stimulus, as shown by the ChIP-sqPCR ex-
periments; (iii) Tind expression is shut downwhen F55 is bound to
its promoter, as shown by Northern blotting; and (iv) transcrip-
tion activation of Tind occurs only upon release of F55 in the im-
mediate aftermath of the UV irradiation, i.e., within 2 h. Notably,
the transcriptional regulation of Tind is crucial for the lysogeny/
induction switch, since it is the first RNA whose expression is
unlocked in UV-irradiated cells (25).
ChIP-sqPCR data demonstrated that F55 dissociates upon UV
irradiation first from the Tind (2 h posttreatment) and subse-
quently from the T5 and T6 promoters (4 h posttreatment) (Fig.
6B). This is in perfect agreement with its differential affinity for
these regulatory sequences in vitro (T5 T6
 Tind) (23). Intrigu-
ingly, the transcription of T5 and T6 is repressed during the SSV1
carrier state and is activated inUV-irradiated cells at 4 h posttreat-
ment (25). These data strongly indicate that F55 regulates the
transcriptional activity of thesemRNAs in a fashion similar to that
of Tind, i.e., by repressing their expression during the lysogenic
growth and allowing their transcription activation through clear-
ance of their target sites uponUV irradiation. Although the release
of F55 from its targets coincides with the transcriptional activa-
tion of the relative genes, it is not possible to exclude the contri-
bution of other factors to enhance their expression levels.
Quantification of the Western blot signals demonstrates that
the concentration of F55 drops about 50% in UV-treated cells
FIG 6 Chromatin immunoprecipitation (ChIPs) on the UV-inducible region of SSV1 using F55 specific antibodies. (A) Scheme of the UV-inducible region of
SSV1 genome. The amplified regions of the target promoters that are recognized by F55 are in blue, yellow, green, and red. All the promoters except that of Tlys
contain two F55 binding sites. (B) Total DNA samples prepared from control and UV-treated cultures and collected at 2 and 4 h postirradiation were used as the
templates for semiquantitative PCRs. Two negative controls, vp2 (viral) and orc1 (host), were included to assess method specificity. N is the negative control for
PCRs.
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compared to the control sample and does not dramatically change
up to 10 h posttreatment (Fig. 5). How can these target promoters
be progressively released by F55without fluctuation of the protein
levels in the aftermath of UV irradiation? A reasonable hypothesis
is that the intracellular concentration of F55 becomes progres-
sively suboptimal to saturate all the regulative binding sites in the
UV-induced cells. Indeed, in the carrier state, SSV1 constantly
replicates in actively dividing cells to keep its copy number around
5 copies per cell (23). Under these conditions, F55 saturates 14
sites per SSV1 genome, i.e., 4 sites for each of the Tind, T5, and T6
promoters and 2 for that of Tlys (Fig. 7), for a total of about 70
binding sites per cell. Upon UV irradiation, whereas cell division
slows down (Fig. 1), basal viral replication proceeds, consistently
leading to an increase of the SSV1 copy number starting from the
2nd hour posttreatment (Fig. 2). Thereafter, the episomal SSV1
content reaches 160 copies/cell (32), and the total number of
sites that has to be bound by F55 rises about 32-fold. Since in
UV-irradiated cells the intracellular level of F55 is constant, the
ratio of the number of binding sites (BS) to F55 concentration
(BS/F55) increases. This variation in the BS/F55 ratio allows the
progressive dissociation of F55 from SSV1 genome that eventually
leads to transcription derepression of the target genes (Fig. 6). The
proposed mechanism strictly depends on the maintenance of a
low and constant F55 concentration in UV-irradiated cells. In this
regard, it has been observed in Northern blot experiments that an
additional level of control acts posttranscriptionally by degrading
Tlys (Fig. 4B), probably to compensate for the “sloppiness” of the
transcriptional control.
Regarding the transcription regulation of Tlys, we did not ob-
serve an immediate derepression of its expression, although its
promoter, like that of Tind, is released 2 h postirradiation. Indeed,
upregulation of Tlys occurs only when Tind transcription is abro-
gated (8 to 10 h postirradiation) (Fig. 4B). It must be taken into
account that Tlys and Tind RNAs are transcribed in a convergent
orientation (Fig. 4A), and therefore the relative genes may be sus-
ceptible to transcriptional interference, which is typical of head-
FIG 7 A suboptimal concentration of F55 allows the derepression of the target genes. Schematic representations of the infected cell and of the UV-inducible
region of SSV1 genome are presented. The operators recognized by F55 are in green, yellow, and blue. Bent arrows indicate the transcription start sites, and
dashed lines represent transcripts. Dimers of F55 are represented by purple ovals. In the lysogenic cell, the amount of F55 is suitable to saturatemost of its binding
sites and to keep SSV1 in a steady carrier state. At 2 h postirradiation, a decrease of about 50%of the F55 concentration and a concurrent increase of the viral copy
number led to the dissociation from the lower-affinity operators in the promoter of Tind and Tlys. Later, at 4 h postirradiation, the dilution effect is enhanced by
a further accumulation of the viral DNA, which results in the release of the early promoters (i.e., those of T5 and T6), thus allowing transcription derepression.
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to-head-oriented gene couples. This architecture strongly resem-
bles that of the nonlambdoid UV-inducible coliphage 186 (35,
36), although a differentmechanismmay be evoked. Indeed, it has
been proved in both eukaryotes (37–39) and prokaryotes (40–42)
that transcription of genes separated by a few kilobases is not
independent but is coupled by torsional stress, which, by influenc-
ing the opening properties of the promoters, facilitates or hinders
transcription initiation. This kind of influence reduces the expres-
sion of convergent gene couples (43), such as in the case of Tlys and
Tind. This hypothesis seems reasonable in the light of theNorthern
blot and ChIP-sqPCR data reported above. Indeed, the upregula-
tion of the Tlys transcription takes place only after the abrogation
of Tind expression.
Altogether, these data demonstrate that F55, like the CI repres-
sor of lambda, acts as the key switch regulator involved in the
lysogeny/induction transition of SSV1. However, some intriguing
differences between lambda and SSV1 need to be discussed.
Lambda lysogens harbor the viral DNA only as provirus, and the
only viral gene expressed is cI. The lysogenic/lytic cycle is strictly
regulated, since viral progeny is produced only upon UV irradia-
tion and causes cell lysis. In contrast, in SSV1 lysogens, the provi-
rus coexists with some episomal copies, and a constitutive extru-
sion of the viral particles occurs. Therefore, the lysogeny of SSV1
could be better defined as a carrier state (44). In this case, the UV
irradiation only enhances the rate of SSV1 replication and prog-
eny extrusion without causing cell lysis. This difference is mir-
rored by the expression regulation of F55, which is not as stringent
as that for the functional homolog CI of lambda phage. From an
evolutionary point of view, this kind of host-virus relationship,
which is typical of all Fuselloviridae, could have coevolvedwith the
nonlytic nature of these viruses.
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